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ABSTRACT  
 
Aggregation of a model asphaltene compound hexa-tert-butylhexa-perihexabenzocoronene 
(HTBHBC) in toluene/heptane mixtures was monitored in real time by using Dynamic Light 
Scattering. The observed aggregation behavior was compared to that of real asphaltenes. It was 
found that heptane induces aggregation of HTBHBC and that the growth rate of the aggregates 
depends on the toluene/heptane ratio, closely resembling the aggregation kinetics of real 
asphaltenes. For the conditions studied in this work only diffusion-limited aggregation was 
observed. We thus confirm that a single well-defined compound can be successfully used for 
modeling the process of asphaltene aggregation. 
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INTRODUCTION 
Asphaltenes are the heaviest, most aromatic and most polar fraction of crude oils. They 
are also the most enigmatic fraction of crude oils regards their self-assembly and stability in 
solutions. Asphaltenes are a focal point of “Petroleomics” [1], which is the prediction of 
behavior of petroleum and petroleum fractions based on molecular structure of the components, 
whose complete list is named “petroleome”, a “fingerprint” of petroleum. 
Asphaltenes are usually defined as a solubility class: they are the petroleum fraction that 
is insoluble in alkanes, such as pentane or heptane, but soluble in aromatic solvents such as 
benzene or toluene [2]. Asphaltenes cause many problems during oil production, transport and 
processing as they have the tendency to precipitate and deposit upon changes in pressure, 
temperature, or composition [3]. Over the past decades, many research efforts have focused on 
gaining a better understanding of the phase behavior and aggregation behavior of this petroleum 
fraction. One of the techniques, that are used to study the kinetics of asphaltene aggregation, is 
Photon Correlation Spectroscopy, also known as Dynamic Light Scattering (DLS). Anisimov et 
al. [4] used DLS to study the aggregation and flocculation of asphaltenes extracted from Arabian 
and Venezuelan crude oils in solutions of varying toluene/heptane ratio. They found that the 
kinetics of asphaltene aggregation-flocculation can be divided into three stages: (i) a nucleation 
stage in which asphaltene clusters of a critical size are formed, (ii) an aggregation stage in which 
these clusters grow into basic aggregates and (iii) a flocculation stage, in which flocks with a 
fractal structure are formed from the basic aggregates. Yudin et al. [5] continued this research 
with asphaltenes from Karazhanbas crude oil, but with a special focus on the aggregation stage. 
They demonstrated that the aggregation kinetics of asphaltene particles can be either reaction-
limited or diffusion-limited, depending on the initial asphaltene concentration in toluene. For 
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intermediate concentrations they also observed a crossover between these two regimes. Burya et 
al. [6] studied the growth of asphaltene aggregates in three different types of crude oils, 
originating from different sources, upon addition of the precipitant heptane with a DLS technique 
that was specially adapted for opaque, almost optically nontransparent liquids. They observed 
that asphaltene behavior strongly depends on the nature of the oil, in particular, on the amount of 
paraffins, and on the amount of heptane added. These results have been reviewed by Yudin and 
Anisimov [7]. Espinat et al. [8] studied the effects of temperature and pressure on asphaltene 
aggregation with light, X-ray and neutron scattering. By using light scattering, they studied the 
effect of temperature on the aggregation of Safaniya asphaltenes dissolved in toluene. They 
observed a considerable increase in the hydrodynamic radius of the asphaltene aggregates when 
the temperature was decreased from 273 K, to 263 K to 253 K. At 253 K the asphaltene 
aggregates started to sediment. DLS has also been used to study the effect of stabilizing 
compounds on asphaltene aggregation and flocculation. Hashmi and Firoozabadi studied the 
effect of amphiphilic [9] and polymeric dispersants [10] on the aggregation behavior of 
asphaltenes upon addition of heptane, whereas Heaps et al. [11] investigated the influence of 
naphthenic acids. In all cases it was found that the stabilizers delay the onset of aggregation. 
These works illustrate that DLS is a well-suited technique to study aggregation of asphaltenes. 
Since asphaltenes are defined as a solubility class, it is a fraction that covers a range of 
different components. This range is highly dependent on the origin of the crude oil and also on 
the method and the precipitant that are used for asphaltene extraction. Hence, asphaltenes are a 
complex, polydisperse and ill-defined group of different components. This has mainly 
contributed to the fact that our current knowledge of asphaltene behavior is still limited. The aim 
of the present work is to get a better understanding of real asphaltenes by studying a well-defined 
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model system containing a single asphaltene-like compound. By studying different model 
compounds with well-defined molecular structures one will be able to achieve the main goal of 
Petroleomics, making a link between the molecular structure and observed behavior. This will 
lead to a better understanding of the more complex real asphaltenes found in crude oils.  
In this work we present results obtained with a model asphaltene compound hexa-tert-
butylhexa-perihexabenzocoronene (HTBHBC). The molecular structure of HTBHBC is shown in 
Figure 1. HTBHBC is a graphene-like molecule with features common to real asphaltenes, 
namely its large aromatic core and aliphatic side chains. In addition, HTBHBC and its 
derivatives are known to self-assemble in solution, likely due to interactions between the 
aromatic cores (so-called π-π stacking) [12,13]. We have performed experiments to study the 
effect of the addition of the precipitant, heptane, to solutions of HTBHBC in toluene. Heptane is 
a strong precipitant for real asphaltenes and one can expect a similar effect in the solutions of 
HTBHBC. 
 
EXPERIMENTAL SECTION 
Sample Preparation 
Experiments were performed with a single compound HTBHBC (serving as an 
asphaltene model) and with an asphaltene sample extracted from North Sea crude oil. The 
asphaltenes were extracted according to a modified IP-143 procedure [14]: 40 ml of pentane was 
added to 1 g of crude oil and mixed before the mixture was left to settle for at least 14 h. The 
sample was then centrifuged and the supernatant liquid was decanted. The asphaltene residue 
was washed several times with pentane until the solvent stayed colorless. HTBHBC was 
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synthesized according to the procedure described by Rathore and Burns [15]. Its purity was 
checked with HPLC and 1H NMR and was estimated to be greater than 90%. 
Samples were prepared by adding heptane to an initial solution of either HTBHBC or 
asphaltenes in toluene. Toluene (Sigma Aldrich 99.9% purity) was used as the solvent and 
heptane (Sigma-Aldrich, 99% purity) as the precipitant. The initial solutions contained about 0.5 
wt% HTBHBC in toluene and about 0.03 wt% asphaltenes in toluene. Lower concentrations of 
real asphaltenes in toluene were used to reduce the opacity of the system. Before the start of each 
experiment, the initial solution in toluene and the heptane were each filtered with 200 nm nylon 
Millipore filters to remove dust and insoluble impurities. Optical cells were used for the DLS 
experiments, which were first washed with isopropyl alcohol and then dried with high purity 
dust-free nitrogen gas (Airgas). At the start of an experiment the optical cell was filled with a 
known amount of HTBHBC-toluene solution or asphaltene-toluene solution. A known amount of 
heptane was added to this solution. The optical cell was shortly manually shaken and then placed 
in the DLS set-up; the measurements were started immediately. This way, samples with three 
different ratios of toluene to heptane were prepared for both HTBHBC and asphaltenes. 
 
Light-Scattering Technique and Procedure 
A Photocor Instruments light-scattering setup was used for performing all the 
experiments. It consists of a He-Ne laser, a photomultiplier tube, and an automatic goniometer. A 
detailed description of the set-up can be obtained in ref. [16]. The optical cell was placed in an 
immersion liquid (silicone oil with a refractive index that closely matches that of the optical cell) 
to reduce spurious scattering and improve temperature control. All measurements were carried 
out at room temperature (25.7 °C ± 0.2 °C) and ambient pressure. Time-dependent intensity 
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autocorrelation functions were obtained with a Photocor “multitau” correlator, with a logarithmic 
time distribution. In previous light scattering studies of asphaltene aggregation a linear correlator 
was used [7]. Measurements were performed at four different angles (45°, 60°, 90° and 120°). 
The accumulation time was chosen as a compromise between an “as-short-as-possible” time to 
ensure no significant change in the aggregate size occurs during the measurement interval and a 
sufficient accumulation time needed to get a good signal-to-noise ratio. The accumulation time at 
each angle was 1 minute while the total duration of each experimental run varied between 2.5 
and 5 hours. 
For single exponential decay relaxation modes, the intensity auto-correlation function 
 obtained in the homodyning mode is given by [17]: 
                                      
 (1) 
where C is the amplitude,  is the “lag” (or “delay”) time of the photon correlations and τ is 
the characteristic diffusion time of aggregates, assumed to be Brownian particles. For Brownian 
particles, the diffusion time is related to the diffusion coefficient, D, as follows: 
  (2) 
where q is the difference in wave number between incident and scattered light, 
, n is the refractive index of the solvent, λ is the wavelength of the incident 
light in vacuum and θ is the scattering angle. For monodisperse, spherical Brownian particles the 
hydrodynamic radius R can be calculated by using the Stokes-Einstein relation:  
( )2g t
( )2
lag1 exp 2 ,
t
g t C
τ
  
− = −      
lagt
( )(4 )sin 2q nπ λ θ=
 7 
                                                         (3) 
where  is Boltzmann’s constant, T is the temperature and η is the shear viscosity of the 
medium.  
RESULTS AND DISCUSSION 
Colloidal particles can grow according to two mechanisms [18,19]: (i) diffusion-limited 
aggregation (DLA), where the aggregation rate is determined by the time it takes for particles to 
collide via Brownian motion and (ii) reaction-limited aggregation (RLA), where the growth rate 
is limited by the probability of forming a bond upon collision of two particles. When particles 
grow according to a DLA process, their hydrodynamic radius is a function of time t reads [19]: 
  (4) 
where  is an effective aggregation rate constant, the fractal dimension and  is the initial 
size of the particle. The kinetics of RLA is described by the following formula [19]: 
  (5) 
where is the characteristic time of the exponential reaction-limited aggregation and R0’ is the 
initial size of the particle. The above equations can also be written in terms of diffusion time τ, 
assuming the viscosity of the solution does not significantly change during the aggregation 
process. For DLA, this leads to: 
Bk
fd 0R
RLAτ
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  (6) 
where  is an effective aggregation rate constant and  is the characteristic diffusion time of 
the initial particle. For RLA, the equation for diffusion time τ can be written as:  
  (7) 
The fractal dimension in the above equations is a measure of how compactly an object 
fills its space. It is a measure of complexity comparing how details in a pattern change with the 
scale [20,21]. The aggregation of colloidal particles by DLA or RLA mechanism shows 
universal behavior leading to formation of fractal structures [19]. Aggregation of colloids by 
DLA mechanism leads to structures with a fractal dimension of 1.75 ± 0.05, while aggregation 
by RLA mechanism lead to structures with a fractal dimension of 2.05 ± 0.05 [22-24]. 
Aggregation of asphaltenes also follows this universal behavior leading to formation of fractal 
structures [7]. 
The correlation functions for all of the angles studied were fitted to exponential functions 
of the following form 
  (8) 
where β is a “stretch/anti-stretch” exponent. The values of β smaller than one could be an 
indication of the presence of polydisperse particles resulting in stretched exponential decays of 
the auto-correlation function. In all our fits, the value of β is obtained to be 1±0.4. Due to 
( )2
lag1 exp 2  ,
t
g t C
β
τ
  
 − = −      
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marginal variations in fit quality, obtained for different values of β, we interpret our correlation 
functions as being roughly single exponentials.  
Figure 2 presents the diffusion time  as a function of aggregation time t, obtained at 
four different scattering angles, for the model compound HTBHBC in a heptane/toluene solution 
(0.74 mole fraction heptane). The diffusion times are calculated by fitting Eq. (8) to the 
measured intensity auto-correlation functions. The solid lines are fits to Eq. (6). The fractal 
dimension was fixed at 1.75, which is the expected fractal dimension for diffusion-limited 
aggregation [19]. The negative curvature (clearly not an exponential growth) and good match 
between experimental data and the power law fits are an indication that the kinetics of 
aggregation is indeed controlled by diffusion. Dispersion interactions between aromatic rings 
may be a sufficient mechanism for aggregation in HTBHBC. It should be noted that due to the 
experimental procedure, there is a small time period of approximately two minutes between 
sample preparation and the start of the measurements. As a result, the initial nucleation stage 
could not be detected and thus  in our experiments corresponds to the diffusion time of 
aggregates that have grown to a critical nucleus of size . 
Figure 3 shows the hydrodynamic radius R as a function of aggregation time t, in 
HTBHBC solutions at scattering angle 60°. The hydrodynamic radius was obtained from , in 
accordance with Eq. (8) and with use of Eqs. (2) and (3). The refractive index and viscosity of 
the medium was obtained by a linear interpolation between the refractive indices and viscosites 
of pure toluene and heptane (based on mole fractions). The solid lines are fits to Eq. (4). The 
fractal dimension in Eq. (4) was fixed at 1.75. Data are shown for three different concentrations 
of heptane/toluene mixtures, namely, 0.70, 0.74, and 0.80 mole fractions of heptane. From this 
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figure, it is seen that as the amount of heptane increases, the rate of aggregation also increases. 
Thus heptane is a strong precipitant for enhancing the aggregation of HTBHBC.  
Figure 4 shows the hydrodynamic radius for asphaltene solutions at scattering of angle 
60°.  The solid lines are fits to Eq. (4) with a fractal dimension of 1.75. Data are shown for three 
different concentrations of heptane/toluene mixtures, namely, 0.58, 0.66, and 0.74 mole fraction 
of heptane. As the concentration of heptane increases, the rate of aggregation of asphaltenes 
increases. The similarity between Figures 3 and 4 indicate that asphaltene aggregation behavior 
in toluene/heptane solutions under DLA conditions can be reasonably modeled by model 
compound HTBHBC.  
In Table 1, we summarize the average values for 0 and RA R  for HTBHBC and 
asphaltenes, obtained by fitting τ  to Eq. (6) and then by using Eqs. (2) and (3).  The fitting 
parameter RA  is an effective aggregation-rate constant and from Table 1 we observe that this 
number is greater in asphaltenes than it is in HTBHBC, indicating that aggregation in 
asphaltenes is faster than in HTBHBC. The parameter  in our experiments is the size of the 
initial aggregate formed after the nucleation stage.  From Table 1, we observe that the initial size 
in asphaltenes is greater than in HTBHBC, supporting the argument that the aggregation rate is 
faster in asphaltenes than in HTBHBC. It is also seen that as the amount of heptane increases, the 
values of also increase, thus confirming that addition of more precipitant, namely 
heptane, enhances aggregation in asphaltenes and HTBHBC. 
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Table 1: The fitting parameters for HTBHBC and Asphaltenes 
HTBHBC Asphaltenes 
Heptane 
(mole 
fraction) 
AR 
(× 10-8) 
 
 
R0 
(× 10-6) 
(m) 
Heptane 
(mole 
fraction) 
AR 
(× 10-8) 
 
R0 
(× 10-6) 
(m) 
0.70 0.065 0.104 0.58 0.240 0.090 
0.74 0.082 0.111 0.66 0.246 0.237 
0.80 0.102 0.133 0.74 0.362 0.274 
 
CONCLUSIONS 
In this work we compare the aggregation of the model compound HTBHBC and real 
asphaltenes dissolved in toluene upon addition of the precipitant heptane. It is observed that the 
model compound HTBHBC shows aggregation behavior similar to real asphaltenes. In both 
systems heptane induces the formation and growth of aggregates. It is observed that the diffusion 
time of the auto-correlation functions and the hydrodynamic radius of the particles increases 
according to a power law during the experimental run, which is an indication that aggregation is 
a diffusion-limited process. We have described the experimental data for both real asphaltenes 
and the model compound with diffusion-limited aggregation kinetics, leading to aggregates with 
a fractal dimension of 1.75, which is typical for classical colloids. Future experiments will focus 
on studying more model asphaltene-like compounds with a variety of side chains including polar 
groups. It will be interesting to investigate whether a crossover from diffusion-limited 
aggregation to reaction-limited aggregation, which is observed for real asphaltenes if their 
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concentration increases [5,7], as well as in some classical colloids [18,19], can also be found for 
the asphaltene-like model components. The effect of polydispersity of the aggregates on the 
aggregation kinetics is another important problem for further studies.  
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Figures 
 
Figure 1. Molecular structure of hexa-tert-butylhexa-perihexabenzocoronene (HTBHBC) 
(C66H66, Mw = 859.2 g/mol) 
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Figure 2: Diffusion time as a function of aggregation time for HTBHBC in heptane / toluene 
solution (0.74 mole fraction of heptane) at various scattering angles. The solid lines are fits to 
Eq. (6). T = 25.7 °C. Squares = 45°; Circles = 60°; Triangles = 90°; Diamonds = 120°. 
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Figure 3: Hydrodynamic radius as a function of aggregation time for HTBHBC at scattering 
angle 60°. Data are for three different heptane/toluene solvent compositions. The solid lines are 
fits to Eq. (6) with use of Eqs. (2) and (3). T = 25.7 °C.  
Mole fraction heptane: Squares - 0.70; Circles - 0.74; Triangles - 0.80.  
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Figure 4: Hydrodynamic radius as a function of aggregation time for asphaltenes at scattering 
angle 60°. Data are for three different heptane/toluene solvent compositions. The solid lines are 
fits to Eq. (6) with use of Eqs. (2) and (3). T = 25.7 °C.  
Mole fraction of heptane: Squares - 0.58; Circles - 0.66; Triangles - 0.74.  
 
